We present a June-July drought reconstruction based on the standardized precipitation index (SPI) for the Balkan Peninsula over the period 730-2015 CE. The reconstruction is developed using a composite Pinus heldreichii tree-ring width chronology, from a high-elevation network of eight sites in the Pindus Mountains in northwest Greece, composed of living trees and relict wood. The dataset includes the ring width series of Europe's currently oldest known living tree, dendrochronologically dated to be more than 1075 years old. The spatial coverage of the reconstruction is improved by using an averaged gridded SPI data target derived from a response field that is located north of the study region. Justification for this approach includes the remoteness of instrumental data, the spatial variability of precipitation and synoptic scale circulation patterns. Over the past 1286 years, there have been 51 dry and 43 pluvial events. The driest year during the 1286-year-long period was 1660 and the wettest year was 1482. Comparison with shorter reconstructions and documentary evidence validates the new reconstruction, and provides additional insight into socioeconomic impacts and spatial patterns of extreme events. Fifty-nine of 72 previously undescribed extremes occurred prior to the 17th century. The new reconstruction reveals long-term changes in the number of extremes, including substantially fewer drought and pluvial events in the 20th century. Additional tests on the long-term effects of age structure, replication and covariance changes support the heteroscedastic nature of the reconstructed hydroclimatic extremes.
Across the Mediterranean climate models predict, in forthcoming decades, a summer temperature increase and a summer precipitation reduction (Giorgi & Lionello 2008; Diffenbaugh & Giorgi 2012) . In terms of spatial distribution, the largest temperature increase is expected for the Iberian and Balkan Peninsulas (Dubrovsk y et al. 2013) , accompanied by an amplification in the frequency, intensity and duration of summer droughts (Gao & Giorgi 2008 ) and heatwaves (Fischer & Schar 2010; Nastos & Kapsomenakis 2015) . Meteorological records reveal a precipitation decrease in recent decades in the eastern Mediterranean (Maheras & Anagnostopoulou 2003; Garc ıa-Herrera et al. 2007) , and extreme drought episodes have become more frequent and persistent (Xoplaki et al. 2004) . To place the recent and predicted conditions in a long-term context, palaeoclimate reconstructions are needed (Esperet al. 2007; Schneideret al. 2015; Ljungqvist et al. 2016; Wilson et al. 2016) .
Along the Balkan Peninsula, including the Pindus Mountain range in Greece, we find veryold Pinus heldreichii (PIHE; Brandes 2007) stands with several individuals reaching millennial age. The oldest individual, named Adonis, is dendrochronologically dated to be over 1075 years old (Konter et al. 2017) . This makes it currently the oldest known living tree in Europe, and provides a history of climatic and environmental conditions going back into the first millennium. This long-lived species has been used in several dendrochronological studies (e.g. Todaro et al. 2007; Panayotov et al. 2010; Seim et al. 2012; Trouet et al. 2012; Klesse et al. 2015) . Recent studies relying on maximum latewood density have successfully reconstructed past temperature variations using PIHE Klesse et al. 2015) , but there has been no attempt yet to reconstruct changes in past climate by means of total tree-ring width (TRW) measurements. It has been shown that the low frequency climate signal in TRW measurements is not stable (Seim et al. 2012) , although at higher frequencies temperature and precipitation have significant growth implications (Klippel et al. 2017) . PIHE growth at Mt Smolikas is significantly controlled by temperature in April and precipitation in June-July, which emphasizes the overall importance of an early growth onset and subsequent moisture conditions (Klippel et al. 2017) .
There are several high-resolution reconstructions of hydro-climatic conditions from the eastern Mediterranean, derived from TRWof other species, e.g. Juniperus excelsa (Touchan et al. 2005) , Pinus nigra K€ ose et al. 2011; Levanic et al. 2012; Poljan sek et al. 2013; Klesse et al. 2015) and Quercus sp. Griggs et al. 2007; Cufar et al. 2008) . However, our understanding of the spatiotemporal patterns and magnitude of precipitation changes, particularly prior to the Little Ice Age (LIA), is still limited due to an increasing data paucity back in time . Based on the stable climate signal in the high-frequency domain, this work aims to develop for the first time a PIHE TRW based summer precipitation reconstruction extending back to the first millennium. We focus on interannual variability in hydro-climate and the identification of extreme dry and pluvial events.
Data and methods

Study area and tree-ring data
Tree-ring data used in this study comprise 207 821 annual ring width measurements, from 133 relict and 185 living PIHE trees, sampled between the years 2011 and 2016. We compiled a composite TRW chronology from eight different locations (Table 1) in the timberline ecotone of Mt Smolikas at 1950-2200 m a.s.l. (the highest peak of the Pindus Range in northern Greece; Fig. 1A ). Conditions, such as rocky shallow soils, summer dryness, snow cover in winter (Fotiadi et al. 1999; Loukas et al. 2002) and decay resistant resinous wood (Lange et al. 1994) , permit the preservation of relict material. PIHE is native to the oro-mediterranean vegetation belt (Brandes 2007 ), a region characterized by large seasonal temperature and precipitation changes, including heavy winter frosts and snow, and intense dryness during the summer period (Bolle 2003) .
Tree-ring measurement and chronology development
Six hundred fifteen discs and core samples were prepared following standard dendrochronological techniques to produce finely polished surfaces for micrometre measurement. TRW was measured using the Velmex and Lintab systems, TSAP-Win (Rinn 2003) and Cofecha programs (Holmes 1983) . To emphasize varying frequencies in the TRW chronologies, age-related trends (Br€ aker 1981) were removed by applying two different detrending procedures to power-transformed TRW series (Cook & Peters 1997) . To remove age trends in the individual tree-ring series, and to preserve common frequency signals, a regional curve standardization (RCS; Briffa et al. 1992; Cook & Peters 1997; Esper et al. 2003) was performed in order to produce a chronology retaining low-frequency variance, and individual cubic smoothing spline (SPL) standardization, with a 50% frequency cut-off at 2/3 of the series length, was applied to preserve climatic information at annual-to-multidecadal scales (Cook & Peters 1997) . Both chronologies were produced using the option configurations within the program ARSTAN (Cook et al. 2017) . RCS allows climatic information to be preserved on time scales longer than the individual segment length and long-term changes in environmental conditions are preserved (Cook et al. 1995) . Ideally, RCS is applied to composite datasets integrating living and relict material with a heterogeneous age structure (Esper et al. 2003) . The application of RCS to this dataset is limited, as samples from very old and slow-growing living trees are combined with relict samples that are heavily weath- Table 1 . Characteristics of the individual site and Mt Smolikas regional (all) chronologies. EPS = expressed population signal; MSL = mean segment length; AGR = average growth rate (mm) of the first 300 years of growth; Lag1 = first-order autocorrelation; Rbar = inter-series correlation. (Klippel et al. 2017) permitted the establishment of a composite chronology including all samples. The composite chronology was formed by calculating the robust bi-weight mean of the RCS tree-ring indices of each calendar year, truncated at EPS >0.85 (Cook 1985) . Based on the number of samples and Rbar, variance stabilization was applied (Frank et al. 2007b) . To investigate high-frequency changes, we used the (pre-whitened) residual version of the chronology, produced by removing common persistence by autoregressive modelling (Cook 1985) .
Heteroscedasticity tests
The correct detection of extreme events requires that all preserved variance changes have a climatic origin and do not arise from biological and methodological artefacts (Fritts 1976) . Any systematic trend in variance, in the individual series and/or chronology, could potentially bias the calculation of the tree-ring chronology. Raw ring width series are heteroscedastic by nature. Prior to detrending, the power transformation of the raw measurements minimizes age-dependent shifts in variance of non-climatic origin, by suspending the growth level vs. spread relationship (Cook & Peters 1997) . In the composite chronology, changes over time in the inter-series correlation and sample replication are another source of potential variance bias. According to Frank et al. (2007b) , the process of variance stabilization attempts to remove variance changes related to replication and inter-tree correlation, while it preserves variance related to climate. To assess these effects over the past millennium, variance changes in the SPL chronology were analysed by calculating 100-year moving window standard deviations (SDs). We account for the effect of (i) sample replication and explore (ii) the age-structure of the dataset as potential drivers for non-climatic variance changes as follows:
• Additional tests for remaining biases due to temporal variations of replication in the mean chronology were conducted by subsampling the residual SPL chronology to produce a suite of new residual chronologies with a time-invariant replication. In the first step, from the total of 615 residual series (Fig. S1A ), 1000 subsample residual series, spanning the period 730-2015, were generated by randomly new composition of the individual series (Fig. S1B ). In the second step, 1000 times 80 of these series were randomly selected and averaged into a subset chronology with a balanced yearly sample size (Fig. S1C ). The second step was repeated using only 15 series, which is the minimum replication of the original chronology.
• The age-dependency of variance was explored by analysing the spread of individual cambial age-aligned residual series. Tests for remaining bias due to a temporally changing age-structure were conducted by splitting the dataset into different age classes. Age-class chronologies range from 1-200 years, and 201-400 years. Additionally, an arithmetic mean chronology of the two ageclass chronologies, 1-200 and 201-400, was created, balancing the age structure of the dataset through time.
Instrumental data
Existing instrumental climate data, predominantly from distant low elevation sites, probably underestimate precipitation and overestimate temperature of the study area ( Fig. 1A ). Due to the poor ability of local station data to capture climatic conditions at the upper tree line, we considered high-resolution 0.5°gridded CRU TS 3.24 climate data (Harris et al. 2014) to assess the temporal stability and spatial extent of the TRW climate signal. To exclude potential uncertainty in gridded data, calibration/ verification tests were performed over the 1961-2015 period resulting from the limited number of reliable instrumental station records during the first half of the 20th century (Fig. 1B) . Using the interpolated CRU TS 3.24 precipitation data for each grid cell within 15-50°E and 34-50°N, we calculated the standardized precipitation index (SPI; McKee et al. 1993) . SPI was chosen as the index because it has been identified as an effective metric for detecting dry and pluvial events in Mediterranean pine forests and is widely used to investigate meteorological drought on a range of time scales (Pasho et al. 2011; Levanic et al. 2012; Seftigen et al. 2013; Tejedor et al. 2016) . Standardized precipitation is the deviation of rainfall totals over a defined time interval (in this study: 1-month and 2-month) from the average precipitation over the entire record divided by its standard deviation (McKee et al. 1993) . The SPI value can be interpreted as the number of standard deviations by which the defined time interval deviates from the long-term mean. A normalized expression of precipitation enables crossregion comparisons of pluvial and drought conditions (McKee et al. 1993) . The SPL residual, SPL standard and RCS chronologies were first calibrated against the 1-month and 2-month SPI, temperature and precipitation using the closest grid point at 20.5-21°E/40-40.5°N. To investigate the spatial extent of the signal with the strongest response, the procedure was repeated using all 0.5°grids within 15-50°E and 34-50°N. The average SPI of all grid points correlating at a p-value ≤0.001 during the most important season/month was considered for further calibration and verification tests.
SPI reconstruction and determination of extreme events
A linear model was established to explain the relationship between the regional SPL residual chronology and SPI. A split calibration/verification approach was used to estimate the reliability and predictive power of the transfer function over time. The explained variance (r 2 ), reduction of error statistic (RE, Briffa et al. 1988) , coefficient of efficiency (CE, Cook et al. 1994 ) and the Durbin-Watson test (DW, Durbin & Watson 1951) were used to estimate the robustness of the final model. Positive RE and CE scores indicate the reconstruction skill of the model (Cook et al. 1994) . The DW statistic tests for autocorrelation in the model residuals. A DW value of 2 suggests little to no autocorrelation, whereas smaller (larger) values indicate positive (negative) autocorrelations, respectively. Two-tailed 95% confidence intervals were computed using a Monte Carlo approach to account for model uncertainty. In the first step, this procedure includes the random generation (n = 1000) of time series of the response variable SPI for the period 1961-2015 with an amount of variance equal to the residual standard error of the model. In the second step, we repeated the procedure of linear modelling using the 1000 series to establish SPI estimates based on TRW. For the detection of extremely dry and pluvial events, we adopted the threshold of AE1 SD (McKee et al. 1993) . The final reconstruction was transferred using linear regression instead of a scaling to support the estimation of uncertainty due to unexplained instrumental SPI variance (Esper et al. 2005) . All analysis was performed using the R software (R Core Team 2017).
Results
Chronology characteristics and heteroscedasticity
By combining 615 living and dead wood series, we produced a chronology that covers the period 575-2015 CE (730-2015 CE, EPS >0.85; Fig. 2A, B) . The longest series from the living tree Adonis contains 1075 rings, and the longest relict series covering 873-1737 CE has 865 rings. Sample replication decreases from 329 series in 2014 to 146 series in 1500, 43 series in 1000, and 15 series in 730 (Fig. 2C ). Mean Rbar is 0.31 (Fig. 2D ) and first-order autocorrelation is 0.77 (Table 1) . Comparison of the SPL and RCS techniques clearly demonstrates that the RCS chronology captures longer-term variability, including multidecadal and centennial scales, whereas variability of the SPL chronology is constrained to annual to decadal scales ( Fig. 2A) . First-order autoregressive modelling removed all low-frequency information ( Fig. 2A, B) .
Despite several statistical adjustments (power transformation, detrending, pre-whitening, variance adjustment) to account for sample size and inter-series correlation changes, the SPL residual chronology contains changes in variance that might produce spurious periods with increased/reduced drought and pluvial events. The SPL residual chronology reveals periods of reduced variance from the 12th to 14th century, during the 18th and since the 20th century (Fig. 3A) .
To address the role of insufficient correction for heteroscedasticity as a potential driverof shifts in variance, we further examined thevariancestructure of 1000 residual chronologies with a constant yearly sample size of n = 80, and n = 15. The spread of the 100-year moving SD of these chronologies suggests that fluctuations in variance are persistent back in time and sample-size independent (Fig. 3B ). In the second experiment, cambial age-alignment of the residual series, the corresponding 100-year moving SD patterns demonstrate that despite spread-level adjustments, variance in the residual dataset is still a function of tree age (Fig. 3C) . Phases of high variability correspond to biologically younger states and phases of low variability correspond with older tree ages, which demonstrate that despite power transformation (Cook & Peters 1997) , an age-dependent variance decline exists. 
BOREAS
As the dataset includes many old and slow-growing living trees with several individuals of nearly millennial age, and age heterogeneous relict material, due to different stages of weathering, tree age increases towards the present (Fig. 3D) . With regard to age-effects invariance, age-class chronologieswith homogenous age structures through the last millennium were created (Fig. 3D) . Considering only age-segments of 1-200 and 201-400 years, a comparison of moving window SD patterns of the original SPL residual chronology with age-class residual chronologies demonstrates that shifts invariance are partially a function of the age structure of the dataset (Fig. 3E) . For the entire dataset, in the 19th to 21st century, variance declines when tree age constantly increases and biologically old segments dominate. The age-structure adjustment relying solely on age segments between 1-200 or the ones between 201-400 demonstrates that for the post-1800 CE period, a homogenous age structure increases variance (Fig. 3E) . To correct for this non-climatic artefact in variance, we used the arithmetic mean of the 1-200 and 201-400 SPL residual age-class chronologies for calibration and reconstruction (Fig. 3F ). Despite these variance adjustments, additional decadal-centennial variance changes remain in the chronology that may represent changes in long-term precipitation variability (Fig. 3E) .
TRW climate signals
Correlation workon PIHE TRWrevealed growth-climate relationships are not stable in the low-frequency domain (Seim et al. 2012; Klippel et al. 2017) . Calibration tests support these findings as no significant relationships (p < 0.01) between temperature, precipitation, SPI and the RCS and SPL standard chronologies are identified 
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Step 1: Cambial-age aligned variance structure
Step 2: Age-class chronologies Fig. 3 . Development of avariance-balanced chronology and analysis of sample size and tree age as potential biases. A. Heteroscedastic variance in the SPL residual chronology displayed as 100-year moving SD. B. Bandwidth of 100-year moving SD of 1000 artificially generated residual SPL chronologies (see Fig. S2 ) with constant yearly sample sizes of 80 (light grey) and 15 series (dark grey). C. 100-year moving SD of the mean of 615 cambial age-aligned individual residual series (blue) and sample replication (dashed line). D. Calendar year-aligned mean tree ages of the initial SPL residual chronology (blue), the SPL residual age-class chronologies 1-200 (green), 201-400 (red) and their average (black). E. Corresponding 100-year moving SD. F. The age structure-corrected SPL residual chronology used for calibration and reconstruction. [Colour figure can be viewed at www.boreas.dk] (Fig. S2 ). Correlation analysis of the SPL residual chronology with SPI and precipitation data shows that the high-frequency TRW variations mirror moisture changes, with the highest coefficients being achieved using SPI as a calibration target. Therefore, we focused on high-frequency hydro-climatic changes, calibrating the SPL residual chronology against 1-month and 2-month SPI. However, using only data from the closest grid (20.5-21°E/40-40.5°N) over the common 1961-2015 proxy-target period (r = 0.43), the correlation with SPI is neither high nor temporally stable ( Figs 4A, S3 ). However, a spatial analysis relying on gridded data reveals a robust correlation pattern with 2-month SPI in June-July with Pearson correlations ranging from 0.43 to 0.66. A strong correlation is found north of the study region with grids over the central part of the Balkan Peninsula between 40-45°N and 20-25°E, including Albania, Bulgaria, Greece, Kosovo, Macedonia, Romania and Serbia (Fig. 4B ). With the exception of some correlations with grid-cells over the mountainous mainland of Greece, SPI data covering the peninsular coast have no significant influence (Fig. 4B) . Average SPIs for all grids that show a significant correlation with the SPL residual chronology at p < 0.001 return a r 1961-2015 = 0.68 correlation in June-July (Fig. 4C ).
Calibration/verification tests
The SPL residual chronology explains 48% of the 2-month SPI June-July variance over the 1988-2015 calibration period (Fig. 5A) 
Identification of extreme years and variance changes
In total, the reconstruction contains 51 dry and 43 pluvial events exceeding the AE1 SD threshold since 730 CE (Fig. 6 ). We identified a total of 72 new extreme events, 59 of which date prior to the 17th century. The driest andwettest years in the reconstruction are 1660 CE (À1.7 SD) and 1482 (+1.6 SD). The highest numbers of extremes were reconstructed during the 9th and 19th centuries, whereas the 12th century was characterized by few extremes. Extremes within the calibration period were the dry events of 1987 and 2012, and the pluvial event of 1970. Extreme dry and wet events of 2-year duration occurred in 1517-1518, 1861-1862 and 737-738. Seemingly, extreme dry and pluvial events appear in decadal clusters, e.g. 822, 824, 830, 831, 833 and 1045, 1052, 1044, 1047 and 1880, 1873 and 1881, whereas we also find multiple decades without extreme events.
Discussion
We present the first PIHE-based reconstruction of hydroclimatic conditions for the Balkan Peninsula in the eastern Mediterranean from 730-2015 CE. The reconstruction is 
Chronology characteristics and heteroscedasticity
The application of different standardization approaches demonstrates that PIHE TRW contains high-, mediumand low-frequency variance. RCS allows climatic information to be preserved on time scales longer than the individual segments and long-term changes in environmental conditions are also preserved (Cook et al. 1995) . When applying RCS to this dataset, one needs to be aware of the contemporaneous old slow-growing trees as well as the relict material of mixed biological ages due to weathering. The significance of this combination on the lowfrequency signal is not fully understood (Esper et al. 2003) . However, RCS is used to evaluate potential lowfrequency signals and to estimate the potential loss of low-frequency variance in the SPL residual chronology (Cook et al. 1995) . Our analysis has shown that despite the application of standardization procedures we still find a systematic relationship between tree age and chronology variance, even after removing much of the low-frequency variability in the SPL residual chronology (Carrer & Urbinati 2004; Esper et al. 2008; Linares et al. 2013; Konter et al. 2016) . When using old slow-growing living trees only, mean segment length and tree age increase over time, resultinginaconstantdecreaseinvariance.Wehomogenized theseagechangesbycreatingtwoage-classchronologiesthat cover 1-200 years and 201-400 years, respectively, and by using the arithmetic mean chronology for reconstruction. This assessment underscored the importance of heterogeneous tree ages for the calculation of unbiased tree-ring chronologies, as systematic tree-age changes add noise tothe variance structure of a chronology (Frank et al. 2007a; B€ untgen et al. 2015) . These changes might affect the climate sensitivityof tree growth (Yu et al. 2008; Linares et al. 2013) and impact the magnitude and frequency of extreme events.
Hydro-climatic signal
The application of different detrending and filter techniques shows that the chronology mirrors high-frequency hydro-climatic changes more closely than low- frequency changes. Potential reasons for this discrepancy in the low-frequency domain include (i) a nonlinearity or decoupling of the growth/climate response on longer time scales (Fritts 1976) ; (ii) the more white precipitation spectrum compared to the red temperature spectrum (Ault & St. George 2010) ; (iii) potential biases in longterm trends inherent to instrumental data, e.g. caused by station relocations or changes in their operating system (Dienst et al. 2017) ; and (iv) the difficulty in preserving low-frequency variance in TRW (Esper et al. 2002) . As also the reliable instrumental target extends only over 55 years back to 1961, the full spectrum of potential SPI variability, and particularly the low-frequency end of that spectrum over longer time scales remains unaddressed.
In the high-frequency domain, tree growth is positively affected by moist summer conditions. This association is manifested by the high correlation between TRWand the 2-month SPI from June-July (r > 0.43, p < 0.001). We assume that cell production including enlargement in June-July is associated with stomatal responses to water availability that control water losses (Vieira et al. 2013) . To avoid drought-induced hydraulic failure, stomata closure maintains a water potential above the threshold of xylem cavitation (Loustau et al. 1996) and metabolic processes like cell formation break down (Cherubini et al. 2003; McDowell et al. 2008; Hartl-Meier et al. 2015) .
Spatial analysis reveals that the core region with highest 2-month SPI correlation from June-July (r = 0.68, p < 0.001) extends to a distance of 320 km from the study site, and that grids covering the Pindus range and coast have minor or no significance. This is possibly due to the great spatial variability of precipitation caused by regional synoptic patterns and the orographic settings (Bolle 2003) . During June and July, cool and dry Etesian winds blow from the Aegean Basin (Metaxas & Bartzokas 1994) . These Etesian winds arise in conjunction with a low-pressure system located over the eastern Mediterranean and Near East, and a highpressure system over the Balkan Peninsula (Repapis et al. 1978; Tritakis 1984) . The frequency and force of these winds depend upon the strength of the pressure systems (Metaxas & Bartzokas 1994) . We assume that the strength of the high-pressure cell situated over the central Balkan Peninsula modulates precipitation over the Pindus Mountains, commonly in the form of thunderstorms (Marinaki et al. 2006) . We assume a more pronounced warming and enhanced atmospheric instability in this region due to an increased continental climate, favouring the emergence of thunderstorms, which penetrate into the Pindus Mountains from the north. Additionally, the remoteness of meteorological stations and the weighting of the data used for interpolation of the grid cells affect the spatial patterns. Grid cells differ by station data and weighting (Harris et al. 2014) , causing differences in climate signal strength.
Drought history
We developed a 1286-year-long SPI reconstruction representative of a large area of the Balkan Peninsula (Fig. 6) . As proxy data from the region are limited, we substantially improved our understanding of annually resolved hydroclimate prior to the LIA by producing a millennium length reconstruction. For the first time, regional evidence of past drought and pluvial events is extended back to 730 CE. Multiple drought events, 59 (32) prior to the 17th (11th) century were detected, notably the exceptional 1482 pluvial.
TRWexplains about 47% of the regional 2-month SPI June-July variance from 1961 to 2015. The explained variance lies within the range of previous SPI reconstructions developed in Romania (45%), Spain (40%), Sweden (45%, Seftigen et al. 2013) and Turkey (43%, Touchan et al. 2005) . To assess patterns of past European precipitation variability, the new SPI estimates were compared with existing reconstructions from Spain (1694 ( , Tejedor et al. 2016 and Romania (1688 , Levanic et al. 2012 ) (in Fig. S4A , only Levanic et al.'s data are displayed). Whereas no significant correlation with the more remote reconstruction from Spain is found (r 1694-2012 = 0.002), the Romanian and our reconstructions correlate at r 1758-2015 = 0.31 (Fig. S4B) , suggesting a spatial coherence in drought variability over the Balkan Peninsula, probably driven by synoptic scale circulation (Xoplaki et al. 2003 (Xoplaki et al. , 2004 . 31-year moving correlations between the Romanian and our record reveal an amplified coherency over time with increasing sample size in the Romanian record, and stable associations when EPS exceeds 0.85 ( Fig. S2C ; Wigley et al. 1984) .
Our reconstruction fills a spatial gap in a network of hydro-climatic records over the Balkan Peninsula and the eastern Mediterranean and refines our understanding of the spatial extent of hydro-climatic extremes. By comparing all regional hydro-climatic reconstructions (e.g. drought, sunshine, precipitation) and historical records from Turkey (Purgstall 1983) and Spain (Alberola 1996) for the period of data overlap, we find a general correspondence between the strength of an event in our reconstruction and a number of historical/proxy pieces of evidence. The events in 1660 CE and 1725 CE are examples of severe droughts that extend over the entire Mediterranean. Over the Balkan Peninsula and eastern Mediterranean, the extremely dry summer of 1660 is captured in all tree-ring based climate reconstructions (D'Arrigo & Cullen 2001; Akkemik et al. , 2008 Touchan et al. 2005; Griggs et al. 2007; K€ ose et al. 2011) , a finding that is consistent with historical documents reporting catastrophic fires and famines in Anatolia (Purgstall 1983 Klesse et al. 2015; Tejedor et al. 2016) , and is verified in historical documents from Spain reporting a year without harvest (Alberola 1996) .
The drought event in 1987 CE was spatially restricted to the Balkan Peninsula and does not appear in reconstructions from Turkey. The 1987 dry summer appeared as a narrow/negative pointer year in a PIHE chronology from Bulgaria when nearby climate stations recorded very dry conditions in June (Panayotov et al. 2010) . In the same year, dry summer conditions were recorded in Romania (Levanic et al. 2012) and extremely dry JuneAugust conditions were measured in Slovakia (B€ untgen et al. 2009 ).
Extremes with regional-scale influence include pluvial events in1881 CE and 1970CE. The 1881event is described as outstanding in Turkey (Akkemiket al. 2005 (Akkemiket al. , 2008 K€ ose et al. 2011) and Romania (Levanic et al. 2012) . The wet summer of 1970 appears in multiple hydro-climatic reconstructions from Romania, Slovakia and Turkey (Akkemik et al. 2008; B€ untgen et al. 2009; Levanic et al. 2012) and is also mentioned as a positive pointer year in Bulgaria (Panayotov et al. 2010) .
Although characterized by high proxy data availability, multiple extreme events in the post-17th century period e.g. 1633, 1748, 1829, 1873 and 1899 CE, could not be linked with previous reconstructions or documentary evidence. As these extremes only slightly pass the threshold of AE1 SD, we assume they were caused by local environmental conditions.
Remaining uncertainties
We note that periods with extreme events in the reconstruction correspond to periods with high variance and periods without extreme events to periods with low variance. Despite statistical and age-structure adjustments (described above), the final reconstruction reveals periods of increased drought and pluvial events and a decadal clustering of several extremes (Fig. 6) . The mechanisms of these long-term changes in extreme event occurrence remain unclear. We interpret phases with a lower/higher variance as stages of more balanced/variable climatic conditions, and assume no time-dependent biases due to variance fluctuations that obscure the frequency of extreme events on decadal scales (Frank et al. 2007b) . Over Spain, a linkage between summer warming and an increased frequency of extreme drought events during the 20th and 21st century has been identified (Tejedor et al. 2016) . However, at the high-elevation sites of Mt Smolikas, the current aridification over the Mediterranean (Maheras & Anagnostopoulou 2003; Garc ıa-Herrera et al. 2007) does not impair tree growth as PIHE does not show any increased drought sensitivity in our study. We suggest that the current warming has increased the regional strength of orographic rainfall (Evans 2009; Black et al. 2010) and that PIHE now benefits from the addition, although these assumptions require further testing.
Methodological considerations are unique to every proxy-climate reconstruction experiment, limiting interstudy comparisons of the frequency and magnitude of extremes. Ecological settings are heterogeneous, e.g. high elevation vs. low elevation (Griggs et al. 2007) , and target parameters differ, e.g. SPI vs. precipitation (Klesse et al. 2015) . In addition, extreme events are frequently defined differently: e.g. events that exceed AE1 SD (Touchan et al. 2005; K€ ose et al. 2011 ), AE1.76 SD (T€ urkes 1996 Tejedor et al. 2016) and events that are AE2 SD (K€ ose et al. 2011) above or below the mean. These thresholds often correspond to percentiles of the observed data for the calibration period (Touchan et al. 2008) or are based on a fixed amount of extreme events, e.g. the 20 most positive/negative reconstructed values (B€ untgen et al. 2009 ).
Conclusions
Based on a network of high-elevation sites on Mt Smolikas in the Pindus Mountains, Greece, regional summer drought variability was reconstructed for the first time back to 730 CE. Summer drought was most severe in 1660 and climatic conditions most pluvial in 1482. Our reconstruction provides new insight on hydro-climatic variability in the northeastern Mediterranean, especially prior to the LIA, and fills a temporal and spatial gap in a larger scale drought reconstruction network (Griggs et al. 2007; Akkemik et al. 2008; B€ untgen et al. 2009; K€ ose et al. 2011) . We find that the frequency of extreme events has been variable, especially in the 20th century when the number of droughts considerably reduced. A set of tests, including power transformation (Cook & Peters 1997) , variance stabilization (Frank et al. 2007b) , pre-whitening, correction for age biases (Carrer & Urbinati 2004; Esper et al. 2008; Linares et al. 2013; Konter et al. 2016) , and homogenizing tree age over time, showed that the variance change in the 20th century is not related to replication or inter-series correlation. We have successfully extended information on past hydro-climate variability into the first millennium and conclude that knowledge of the hydro-climatological history of the region has been markedly improved, especially prior to the LIA.
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